High efficiency preparation of single trapped atoms using blue detuned light assisted 

collisions 
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We report on a procedure by which we obtain a 91% loading efficiency of single 85 Rb atoms in 
an optical microtrap. This can be achieved within a total preparation time of 542 ms. We employ 
blue detuned light assisted collisions to realize a process in which only one of the collision partners 
is lost. We explain the mechanism for efficiently loading a single atom and discuss the factors that 
limit the final efficiency. 

PACS numbers: 



The ability to control microscopic systems drives the 
development of a wide range of modern technologies. Re- 
cent years have witnessed tremendous progress towards 
complete control of individual atoms [l|-|4j]. This is of 
strong interest due to their potential use as qubits in a 
quantum logic device 0, [H, ■ Neutral atoms in far 
off-resonance optical microtraps have several favorable 
properties for quantum information processing: a qubit 
can be encoded into the internal states of each atom, the 
atoms are well shielded from the environment, and long 
range entangling interactions can be switched on and off 

Several schemes for quantum gate operations using 
cold neutral atoms have been investigated experimen- 
tally [9T-fll|. Two qubit entangling operations have been 
demonstrated using Rydbcrg mediated dipolar interac- 
tions [Io| . Operations involving more than two qubits 
require an effective way to deterministically prepare sin- 
gle trapped atoms that can be individually addressed. To 
this end, multiple schemes have been investigated. The 
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use of degenerate gases for creating Mott insulators 0, 
or the isolation of fermions in single trap geometries 
lead to complicated experiments with long loading times. 
The Rydberg blockade mechanism has been proposed as 
a fast deterministic loading scheme, but this approach 
has yet to be demonstrated experimentally [3. Finally, 
a range of experiments has used light assisted collisions. 
In experiments that employed red detuned light to in- 
duce the collisions, the loading efficiency has been lim- 
ited to 50% [HEa]. 0ur 

previous work showed that a 
scheme using blue detuned light could increase the load- 
ing efficiency to 83% fl7l | . However, further improvement 
was still required to load quantum registers of 30 qubits 
without the need for consecutive atom sorting Q ■ Thirty 
qubits is considered a lower bound for quantum comput- 
ing to exceed the limitations of classical computing [1 81 ] . 

In this Letter we report a loading efficiency of single 
85 Rb atoms of 91%. The loading procedure can be com- 
pleted within 542 ms. We achieve this by employing blue 
detuned light assisted collisions to realize a process in 
which only one of the collision partners is lost. The pro- 



FIG. 1: (Color online) (a) Sketch of the experimental setup, 
(b) Experimental process: (I) 85 Rb atoms are loaded into the 
optical microtrap; (II) the blue detuned collision beam in- 
duces inelastic light assisted collisions while the MOT cooling 
beams cool the atoms; (III) when only one atom remains the 
expelling process ends; (IV) a blue detuned standing wave 
together with the MOT cooling beams are used during the 
imaging stage, (c) One-dimensional dressed state picture of 
light-assisted collisions. The different arrows represent: black 
(up, right): two atoms in ground state approaching; black 
(left): LZ transition; black (low): inelastic collision; orange 
(up, right): elastic collision; continuous blue (up, left): adia- 
batic transition; dashed blue: LZ transition. 



cess relies on a combination of laser cooling to remove 
excess energy, and controlled transfer of energy through 
the light assisted collisions. Wc explain the mechanism 
and identify the factors that still limit the loading effi- 
ciency. 

The advantage of using blue detuned light for induc- 
ing collisions is that it allows us to control the energy 
released in each inelastic collision. This can be under- 
stood through a simplified two-level model. We consider 
it in the dressed state picture illustrated in Fig. QJc) pol ]. 
where the \S + S> asymptote represents the two atoms 
in their ground states, offset by one photon energy, and 
\S + P> represents one atom in the ground state and one 
in the excited state. The energy of the 15 + P> state is 
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below that of |5 + S'> when the light is blue detuned and 
above when it is red detuned. For the purpose of this 
experiment, we approximate the \S + P> curve with its 
C3/R 3 asymptote (with R the interatomic distance and 
C3 a constant), while the \S + S> curve is considered in- 
dependent of R. As the resonance condition depends on 
the internuclear separation, the dressed states will cross 
each other at the Condon point R c in the absence of cou- 
pling. This becomes an avoided crossing in the presence 
of light. When two atoms pass the Condon point they can 
undergo two different processes: a Landau-Zencr (LZ) 
transition to the other dressed state, or they can move 
adiabatically through the cou plin g region while remain- 
ing in the same dressed state [20(. In a collision process 
the atoms cross R c twice: when the atoms approach, 
and again when they move away from each other. For 
the atoms to undergo an inelastic light assisted collision, 
they must undergo an adiabatic passage followed by a 
LZ transition, or vice versa, ending, in either case on the 
\S + P> asymptote. By this process, the atom pair gains 
an energy hA c equal to the difference in dressed state en- 
ergies at large interatomic distance. The probability for 
this to occur when R reach R c is Pi = 2Plz (1 — Plz), 

where Plz = cxp( ~ 2 ^^ v Ra ) is the probability for a LZ 
transition, with O the on-resonance Rabi frequency and 
v the relative radial speed of the atom pair at R c . As 
will be explained below, balancing the collisional energy 
transfer with laser cooling allows preferential ejection of 
single atoms from the trap. Thus, the atoms are lost one 
by one until only a single atom remains and the collisions 
cease. 

Figure QJa) shows a sketch of the experimental setup. 
A high numerical aperture aspheric lens mounted inside 
the vacuum chamber focuses a far off-resonance (A = 828 
nm) laser beam with power 30 mW to a waist of 1.8 /xm. 
The resulting Uq — h x 85 MHz deep optical microtrap 
is loaded with 85 Rb atoms using a magneto-optical trap 
(MOT) followed by a compressed MOT and an optical 
molasses stage. The sequence loads on average 10 to 80 
atoms depending on the MOT stage duration. 

Figure |ljb) illustrates how we isolate and detect a 
single atom from the initial ensemble. With the MOT 
beams reconfigured for cooling the atoms in the micro- 
trap, we add a blue-detuned "collision beam" of control- 
lable pulse duration. The collision beam, of power 11 
/iW, has a radius of ~ 150 /an at the position of the mi- 
crotrap and is blue detuned by A c from the Dl F = 2 
to F' = 3 transition at the center of the trap. After 
the collision pulse, the final step is to take an image of 
the atomic sample to measure the atom number. The 
method for imaging and counting the atoms is described 
in . We have a single atom detection efficiency of 
99.5%. 

The collision stage (frame II and III in Fig. [T^b)) 
determines the efficiency with which a single atom is pre- 
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FIG. 2: (Color online) Atom pair's evolution as a function 
of the collision light pulse duration. The green circles, blue 
squares and red triangles show the probabilities of two, one, 
or zero atoms respectively after the collision pulse. The solid 
lines are a fit of the experimental data. The pair decay time 
is ~ 70 ms. The dotted lines show the result of a simulation 
of the experiment. Error bars represent throughout the paper 
a 68.3% confidence interval based on binomial statistics. 

pared. Two mechanisms can reduce this to a value below 
the ideal 100%. First: as a single atom can be prepared 
before the end of the collision stage, any process leading 
to its subsequent loss will reduce the probability of retain- 
ing the atom until imaging. Second: collisional processes 
by which both partners are lost reduce the efficiency as 
the final pair can be lost together, again leading to no 
trapped atoms at the time of detection. 

The mechanism for inelastic collisions where only one 
of the collision partners is lost, relies on the release of 
sufficient energy such that, after a collision, the pair has 
enough energy for one atom to be lost but not enough 
for both to leave the trap. At the same time, the pair 
should share the total energy unevenly, such that one of 
the atoms has a sufficient fraction of the pair's energy 
(E p ) to escape the trap. The pair should therefore have 
significant center of mass motion before the collision. If 
E p before a collision is larger than zero but less than the 
trap depth, and the inelastic collision releases an energy 
equal to the trap depth, then there is a finite probability 
for one atom to be lost, but the probability that both are 
lost is zero. In our experiments, we aim to favor inelastic 
collisions in this regime. 

For the method to be efficient we need a mechanism to 
suppress the following undesirable scenario: as the center 
of mass motion of the pair is not controlled in detail, col- 
lisions can occur such that Uq<E p <2Uo, but with each 
atom having E<Uq so that neither is lost. A second 
inelastic collision will now leave the pair with enough en- 
ergy for both atoms to escape. It is therefore important 
to remove some of the pair's energy between inelastic 
collisions. This is the primary role of the spectrally re- 
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configured MOT cooling beams during the collisions in 
stage II of Fig. [IJb). In this stage, each of the MOT 
beams has a peak intensity of Im = 35 W/m 2 and are 4 
MHz red detuned from the D2 F = 3 to F' = 3 transition 
for atoms at the center of the trap (averaged across the 
magnetic sublevels). By preparing single atoms, heating 
them, exposing them to a collision/cooling light pulse 
of variable duration, and subsequently measuring their 

we 
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temperature using the release recapture method 
have measured the temperature evolution of single atoms 
exposed to collision and cooling light. The data is well 
fitted by an exponential decay with time constant of 5 
ms to an equilibrium temperature of ~ 250 fiK. In addi- 
tion to cooling, the MOT beams provide efficient optical 
pumping of atoms into the desired F — 2 ground state 
in the center of the trap where collisions are likely to 
happen. 

The inelastic collision rate drops with increasing E p 
such that the cooling provided by the MOT beams typi- 
cally can lower the energy of pairs with E p >Uq before an- 
other inelastic collision occurs. This happens because the 
atomic density drops with increasing E p , and because we 
operate our collision beam in a parameter regime where 
Pi drops with v. 

To investigate the single atom ejection process we have 
loaded pairs of atoms into the microtrap and measured 
the number of atoms left after a collision/cooling pulse. 
Figure [2] shows the probability of measuring zero, one, 
and two atoms as a function of the collision pulse dura- 
tion using 11 flW of collision beam power with a detuning 
of A c = 85 MHz. The experimental data is corrected for 
offsets due to loss during detection. The dotted lines in 
Fig. [5] show a simulation of our experiment based on the 
above description of the process. In the simulation, the 
motion of two atoms in the Gaussian potential is treated 
classically. A Doppler cooling model [22[, with param- 
eters adjusted to reproduce the measured temperature 
evolution of single atoms, damps the motion of energetic 
trapped atoms. When the distance between the atoms 
reaches the Condon radius they may undergo an inelas- 
tic collision with probability Pi. The collision conserves 
center of mass momentum while releasing an energy of 
hA c . When an atom reaches an energy above the trap 
depth it is considered lost. The probabilities are gener- 
ated from 500 pairs and show good agreement with the 
experiment. In order to compensate for the use of the 
simple two-level model in predicting Pi, we adjusted the 
Rabi- frequency in Plz such that the decay time of pairs 
matches the experimental value. Using a collision beam 
power of 7 /J.W and A c = 185 MHz we repeated the mea- 
surement and simulation of Fig. [5] Similar agreement 
was found for these parameters, and the adjustment fac- 
tor for the Rabi-frequency matched that from Fig. [2] 
within 7.5 %. 

The inset of Fig. [3] shows the histogram of the inte- 
grated fluorescence for 3200 realizations of the experi- 
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FIG. 3: (Color online) Inset: Histogram of the integrated flu- 
orescence for 3200 realizations of the experiment. The large 
peak represents the single atom loading efficiency and com- 
prises the 91% of the realizations, (a): Probabilities versus 
detuning of the collision beam (A c ). Symbols are as in Fig. 
|5] (b): Single atom survival probability after a collision pulse 
of 3.5 s, which is a measure of the single atom lifetime. 



ment using the parameters of Fig. [2] The single atom 
loading efficiency of 91% is represented by the large peak. 
The total time required to do this is 542 ms (50 ms MOT, 
102 ms CMOT, 5 ms molasses to load on average 19 
atoms into the microtrap, and a 385 ms collision pulse). 
Reducing the MOT loading time to 25 ms lead to events 
of no atoms loaded into the microtrap before the colli- 
sion pulse. To illustrate the potential of the method, we 
consider the time it would take to load an array of 30 
microtraps in parallel. The probability for all 30 sites 
to be occupied with a single atom is ~ 0.06. Repeating 
the process a realization with all 30 sites occupied would 
typically occur in ~ 10 s. 

The main graph in Fig. OHa) shows the single atom 
loading efficiency as a function of A c , as well as the prob- 
ability of loading zero or two atoms. The MOT param- 
eters and the duration of the collision pulse were fixed 
at the values used in the inset. We have adjusted the 
collision power at each frequency in order to maximize 
the probability of loading one atom at the end of the 
collision process. As noted above, a critical feature for 
efficient loading is a long lifetime of the single atom once 
it has been prepared. In order to monitor this, we pre- 
pared single atoms, exposed them to a collision pulse of 
duration 3.5 s, and measured the probability that the 
atom remained trapped. Fig. [3jb) shows this survival 
probability for each set of collision pulse parameters. We 
see that the lifetime of a single atom decreases when the 
collision beam frequency is close to resonance (small A c ). 
We ascribe this to the increased heating from radiation 
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FIG. 4: (Color online) (a): Loading probabilities as a func- 
tion of the collision beam power. The meaning of the symbols 
are as in previous figures. The duration of the collision pulse 
is adjusted for each power and is plotted as orange stars, us- 
ing the time axis on the right of the graph, (b): Single atom 
survival probability after a collision pulse of 3.5 s. 



pressure by the collision beam at small detunings, lead- 
ing to a higher equilibrium temperature. Although the 
equilibrium temperature remains below the trap depth 
there is a finite probability that the atom will occupy the 
high energy tail of the distribution and thus be lost. The 
reduction of the lifetime at small detunings leads to a 
drop in the single atom loading efficiency. 

To understand the reduction in single atom loading 
probability observed for large detunings in Fig. OHa) we 
measured the time evolution of pairs in a similar way to 
Fig. [2] but with collision beam parameters identical to 
those of the A c = 185 MHz point in Fig. 03a). In most 
of the cases, both collision partners were lost together as 
the energy released in each collision event is enough for 
both atoms to escape. 

We have also studied how the single atom loading effi- 
ciency evolves as a function of the collision beam power. 
The result is plotted in Fig. @] along with the probabil- 
ity of loading zero or two atoms. For each value of the 
power, we have adjusted the duration of the pulse in or- 
der to maximize the probability of loading one atom in 
the microtrap. The orange stars and orange right axis in 
Fig. @fa) show the duration of the applied pulse. The 
other parameters are the same as in Fig. [5] The peak 
probability is reached for a collision power of 1 1 fiW and 
a collision pulse duration of 385 ms, consistent with the 
previous data. At low powers, the single atom lifetime 
increases (being ~ 63 s for 1 of collision beam power) 
but the optimized duration of the collision pulse increases 
to 2.75 s. During this time, some pairs are lost due to 
processes not caused by the collision beam; in particu- 



lar light assisted collision induced by the MOT cooling 
beams. We measured the evolution of pairs in the pres- 
ence of only the MOT cooling beams and found a decay 
time of ~ 4 s (comparable to the 2.75 s). In each event 
both atoms are lost. Pair loss is indeed expected from 
the fact that the MOT beams are ~ 3 GHz red detuned 
from the D2 line for atoms colliding in the F = 2 ground 
3] . We attribute the reduction in the loading 
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efficiency at high collision beam powers to the reduced 
single atom lifetime (see Fig. [4fb)) from increased heat- 
ing from radiation pressure. 

We estimate the contributions of a series of processes 
to the unsuccessful 9% of the realizations in the following 
way: our single atom detection efficiency of 99.5% gives a 
contribution of ~ 0.5% of the realizations where a single 
atom is loaded but not detected. By running a Monte- 
Carlo simulation for the loading process as described in 
17J , using the measured single atom lifetime of ~ 22 s, we 
estimate the single atom loss from imperfect vacuum and 
finite temperature to contribute ~ 1.5%. We attribute 
the remaining ~ 7% to pair losses. Based on the pair 
decay time caused by the MOT beams only, and that of 
Fig. [21 we estimate that ~ 1.7% are due to the inelastic 
collisions induced by the MOT beams during the collision 
process. Of the remaining ~ 5.3%, the simulation in 
Fig. [2] predicts that 3.6% comes from collision events 
that occur at sufficiently high E p leading to the escape of 
both partners. The remaining contribution could come 
from inelastic collisions that cause the atom to change 
hyperfine state. 

In future work it could be interesting to explore the 
possibilities of using other atomic species such as the 
87 Rb isotope or Cs. Their larger hyperfine splittings 
may help to suppress the unwanted effects from the MOT 
cooling light and hyperfine changing collisions. Eliminat- 
ing these effects may lead to loading efficiencies in excess 
of 95%. 

In conclusion, we have demonstrated a single atom 
loading efficiency of 91% in a red detuned optical mi- 
crotrap. We have used blue detuned light assisted colli- 
sions in combination with laser cooling in order to eject 
atoms from the trap one by one. A simple model of the 
process quantitatively agrees with the experimental mea- 
surements. The loading can be completed in 542 ms po- 
tentially allowing a fully-loaded array of 30 sites in ~ 10 
s 0. 
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